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Fiber Optic Devices for Diagnostics and Therapy in

Photomedicine

Yubing Hu, Paolo Minzioni, Jie Hui, Seok-Hyun Yun,* and Ali K. Yetisen*

Photonic technologies have made enormous impacts on modern

medicine, advancing disease diagnostics and treatments as well as health
monitoring. A long-standing challenge in the use of light and its widespread
effects in photomedicine is the finite penetration of light in tissues.

However, judiciously engineered optical fibers helped overcome this challenge
and advance light delivery to deep tissues with spatial precision and desired
accessibility. In recent years, the development of photonic technologies
including optical biomaterials, fiber functionalization, and biomedical device
innovations has greatly expanded the scope of light-based healthcare. Here,
the fundamentals and materials of fiber optics to endow themselves with
biocompatibility, flexibility, and diverse functionalities required for long-term
implantation are overviewed. The design strategies of lab-on-fiber techniques,
operation requirements to construct fiber optic sensors, and their health
monitoring applications as wearable and implantable devices are presented.
The use of fiber optics in major light-based therapeutic modalities including
optogenetics, photodynamic therapy, photobiomodulation, photochemical
cross-linking, and photothermal therapy is illustrated to enhance their
effectiveness, specificity, and feasibility. In short, a comprehensive review is
provided on the fiber optic techniques and the latest photonic devices, which
are envisioned to evolve photomedicine in clinical and point-of-care practices.

1. Introduction

Photomedicine is a multidisciplinary field
encompassing the utilities of light and its
effects on improving health and advancing
biomedical sciences. Extensive photother-
apy studies have been carried out dur-
ing the last 30 years, advancing the light-
based opportunities for treating cancer,!!
skin diseases,!?l and infections.’! Histori-
cally, Niels Finsen received the Nobel Prize
in Physiology and Medicine in 1903 for
demonstrating the treatment of lupus vul-
garis with light.[*] Blue light therapy has
been widely utilized as the gold standard to
treat newborn jaundice since 1968, which
diminishes the high bilirubin level and pre-
vents its neurotoxic effects.l’) The first re-
search lab dedicated to this field, which
now has become the Wellman Center for
Photomedicine, was established in 1975 af-
ter the discovery of a photoactive drug to
treat psoriasis!®! and pioneered numerous
dermatologic and cosmetic applications of
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lasers. At the state of the art, light can be
used not only as a therapeutic drug but also
as a precise sensor, a diagnostic tool, and a
localized therapy activator. The remarkable examples of pho-
tomedicine applications in current clinical practice range from
infrared thermometers, X-rays, computed tomography (CT),”!
endoscopy,® optical coherence tomography (OCT),”! laser-
assisted in situ keratomileusis (LASIK) eye surgery to photo-
dynamic therapy (PDT).1!% These light applications in medical
diagnosis and therapy are rooted in the light absorption and
scattering of the intrinsic biomaterials or exogenous light-active
regents.l'!l One of the most fundamental challenges in using
light for medical applications originates from the finite optical
penetration depth of light, typically no more than a few millime-
ters in tissue.!'?] This limitation highlights the need for effective
and low-cost light-delivering methods, for which optical fibers
emerge as practical solutions.['®] Optical fibers have attracted
considerable attention for their light-guiding efficiency, spatial
precision, deep tissue penetration, minimal invasiveness, easy
miniaturization, and cost-effectiveness. Benefiting from these
advantages, fiber optic devices have proved to be a powerful plat-
form for various diagnostic and/or therapeutic applications.!™*]
Optical fibers have been employed as optical waveguides in
medical devices since the 1960s when bundled fibers were pio-
neered for imaging through catheter-based endoscopes.!'>! In the
late 1980s, fiber optic imaging-guided techniques were accepted
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Figure 1. Structure of optical fibers. a) Schematical representation of an optical fiber. The cross—section (left) is composed of two concentric discs, the
inner one corresponds to the fiber core, and the external one to the fiber cladding. The longitudinal Section (right) allows for showing the angles involved
in Snell’s law. b—e) Cross—sections of different photonic crystal fibers. b—d) The core is constituted by a solid-glass region and the guiding effect can be
obtained both by an effective-index effect (i.e., the “effective index” in the cladding region is lower than that of the core because of the presence of air
holes) or thanks to the creation of a photonic crystal structure. ) The fiber core is constituted by a hollow region of the fiber (i.e., generally filled with
air), and the guiding effect is obtained thanks to a precise design of lateral holes (geometry, size, position), creating a highly reflective region for the

light propagating in the core. Adapted with permission from.[?3]

for minimally invasive surgery like laparoscopic surgery.['®) More
recently, the fabrication of nonconventional optical fibers with
high elasticity, biocompatibility, easy functionalization, and even
biodegradability has been demonstrated.!'”] The availability of
low-cost, miniature fiber optic biosensors is particularly benefi-
cial for point-of-care and intensive-care diagnostics.!'8! Minimal
invasive, patient-compliant optical fibers are emerging for vari-
ous fiber-optic therapeutic strategies.!”) The global market for
fiber optics in the sector of biophotonics is large and expand-
ing, which was estimated to be 880 million dollars in 2020 and is
expected to reach 1.5 billion dollars by 2030.120 1t is fueled pre-
dominantly by the increasing preference for minimally invasive
surgery procedures, the advancement in new medical devices,
the growing use of lasers in dentistry, and the rapid develop-
ment of new biomedical fiber sensors.?!l The current market of
phototherapy devices is at a level of 800 million dollars with a
compound annual growth rate of 4.75%.122) The prospective rapid
growth in photomedicine states the urgent need for technological
innovations in fiber optic instruments and practical applications
in biomedical diagnostics and therapies.

Recent advances in materials and light-derived technologies
are accelerating the implementation of fiber optic devices for
advanced diagnostics and therapies. Fiber optic devices are be-
coming increasingly ubiquitous owing to the continuing develop-
ment of fiber materials, fabrication techniques, sensing function-
alization, diagnostic platforms, therapeutic modalities, and clin-
ical applications. Over the past decades, these technological ad-
vances have particularly reduced the cost by making light-based
diagnostics and therapies more accessible. Here, we describe the
basic optical fiber structure and different materials in Section 2,
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which will facilitate the selection of optical fibers for the desired
medical applications. In Section 3, the fiber optic sensing devices
are overviewed, including their commonly used design principles
and their diagnostic applications as wearable and implantable de-
vices. In Section 4, we introduce the working principles of ma-
jor phototherapy modalities and showcase their latest fiber optic
innovations. Furthermore, the unmet challenges and prospects
are discussed to predict the next-generation advances in fiber op-
tic diagnostics and therapies, illuminating the bright future of
biomedical photonics in clinical and point-of-care settings.

2. Optical Fiber Materials

2.1. General Description

The simplest structure of an optical fiber is composed of two co-
axial cylinders realized using two slightly different materials as
shown in Figure 1a. The external cylinder is called the “cladding”
(of refractive index n,), while the internal one is identified as the
“core” (having a refractive index n, > n,), and beam confinement
occurs thanks to the principle of total internal reflection. In a mi-
nority of cases, optical waveguiding can also be obtained using a
different approach, where the core and cladding regions are not
simply defined by the refractive indices of the constituent materi-
als, but by the more sophisticated geometry of the regions, gener-
ally constituted by a multi-layer or holy structure with specific ge-
ometrical parameters. Several exemplary structures are shown in
Figure 1b—e. Those kinds of structures can exhibit peculiar prop-
erties, allowing for example the realization of “hollow core” fibers
(Figure 1e).23]
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Figure 2. Fiber materials. a) Glass fibers: i) silica glass fibers adapted from

ref. [24] ii) chalcogenide glasses adapted from ref. [25,26] iii) phosphate

glasses adapted from ref. [27,28] b) Synthetic polymer fibers: PMMA adapted from ref. [29] ii) polycarbonate adapted from ref. [30] iii) elastomers
adapted from ref. [31] iv) biodegradable synthetic polymers adapted from ref. [32,33] c¢) Natural polymer fibers adapted from ref. [34,35] d) Hydrogel

fibers: synthetic hydrogels adapted from ref. [36-38].

Fibers are commonly differentiated into single-mode and mul-
timode based on their ability to guide light signals and the mode
of propagation within the fiber. Single-mode fibers have a small
core diameter (typically ~8-10 pm) which allows only one mode
of light propagation, enabling the transmission of light with min-
imal dispersion. Single-mode fibers are optimized for applica-
tions requiring precise signal transmission or long distances with
low signal loss, such as endoscopy and optical coherence to-
mography for high-resolution imaging. Multimode fibers have
a larger core diameter (typically between 50-100 pm), offering
easier coupling of light sources, having transmission capability
of higher optical power, and allowing multiple modes of light to
propagate simultaneously. Multimode fibers are suitable for ap-
plications where higher light intensity or larger beam diameter
is needed over shorter distances, including photodynamic ther-
apy and laser surgery. Moreover, multimode fibers can facilitate
multiplexed signal detection or parallel analysis of multiple sam-
ples, leading to faster data acquisition and higher throughput in
sensing applications.

In the following, we discuss the most used materials including
the backbone materials for the core and cladding and functional
dopants added to the backbone materials to change refractive
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index or incorporate desired optical properties. As optical fiber
properties depend on a large set of parameters (materials, size,
fabrication procedure, surface treatments, etc.), this work intends
to offer only a major reference frame. As shown in Figure 2, we
divide the materials used for the realization of optical fibers into
four principal categories according to the used backbone mate-
rial: 1) glasses; 2) synthetic polymers; 3) natural polymers; and 4)
hydrogels.

2.2. Glasses

Glasses are a fundamental class of fiber optic materials
(Figure 2a). Glasses offer excellent transparency and low optical
losses, making them ideal for long-distance optical communica-
tion and high-power laser transmission. Their chemical stability
and mechanical strength ensure reliability in various harsh en-
vironments. The traditional optical fibers are generally obtained
using fused silica (SiO,) both as a core and cladding material.
SiO,-based fiber generally shows very low propagation losses,
but high Young’s modulus, which corresponds to a material
significantly more rigid than biological tissues. The most used
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silica fiber, the Corning SMF-28, has a core radius of 4.1 ym, and
scattering-limited propagation loss of 0.2 dB km™! for a wave-
length ~1550 nm. In the visible wavelength range (generally
more interesting for biomedical applications), the attenuation of
silica fibers is #3-5 dB km™! for red light, 30-50 dB km™! for
green light, and almost 100 dB km™! for blue light. Although
silica is a biocompatible material, the implantation of common
silicate glasses in a tissue will generally produce a thick non-
adherent capsule due to the foreign body reaction. Additionally,
the low mechanical resistance of glass fibers, if not properly pro-
tected with additional layers, may cause fiber breaking, and the
high axial rigidity with respect to normal tissues may cause local-
ized damage.

Special attention, in this category, must be paid to optical fibers
based on bioresorbable glass. Phosphate glasses are a particularly
good candidate as their degradation time in aqueous media can
be precisely controlled by modifying glass composition.[**l Their
biological compatibility has been investigated!*’! and the possibil-
ity to obtain nontoxic, resorbable glasses, suitable for fiber draw-
ing was demonstrated.[?”] Optical fibers with a 120 um outer di-
ameter and a 12 um core diameter were demonstrated by the stan-
dard drawing approach and exhibited propagation losses lower
than 0.02 dB cm™! at 1300 nm and lower than 0.05 dB cm™!
at 633 nm, thus allowing easy transport of the radiation within
a distance suitable for biomedical applications. The wide trans-
parency window of these materials, ranging from UV (240 nm) to
NIR (2500 nm), allows using standard techniques, such as phase-
mask UV writing technique, to realize optical sensors directly
embedded within the fiber.*!! A review dedicated to the fabrica-
tion and characterization of phosphate glasses with good optical
quality and high resorbability can be found elsewhere.[*?]

2.3. Synthetic Polymers

Synthetic polymers, including plastics, elastomers, and
biodegradable polymers, play a crucial role in fiber optics due
to their flexibility, low cost, and ease of processing (Figure 2b).
Plastic optical fibers (POFs)!?! were initially developed almost
at the same time as silica fibers, but their high attenuation,
low-temperature tolerance, and the lack of well-established
fabrication technologies didn’t make them competitive for long-
distance transmission. Multimode POFs cores are generally
made of poly(methyl methacrylate) (PMMA), whose refractive
index (npya = 1.49) is slightly higher than silica glass (ng, ~
1.45) and have a typical core radius generally in the range 20—
100 um, supporting the propagation of 10°~10° optical modes.
PMMA fibers, after proper cladding decoration (see Section 3.1)
have already been demonstrated as a suitable medium to realize
photobiomodulation devices (see Section 4.3). Single-mode
POFs, whose performances are gradually improving over time
at low cost,®l are used for high-precision sensors.**! With
respect to their silica equivalent, the POF-based sensors have
the inherent advantages of lower cost, higher fracture resistance,
and higher biocompatibility.

Elastomers, characterized by extreme flexibility and large de-
formability, are particularly well suited for the realization of op-
tical sensors requiring to be inserted in fabrics, as required for
the development of wearable optical sensors (see Section 3.2).
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In optical applications, the most used elastomer is polydimethyl-
siloxane (PDMS), which is well-known in the electronic indus-
try for its elasticity, chemical inertness, and thermal stability.
PDMS can be easily shaped into different shapes, it shows a wide
transparency window, and its refractive index (n = 1.42) is suffi-
ciently high to allow optical guiding with attenuation values as
low as 0.5 dB cm™! in the visible range. Recently a biodegrad-
able elastomer fiber based on poly-octamethylene-maleate-citrate
core and a poly-octamethylene-citrate cladding has been demon-
strated with a relatively low loss of 0.4 dB cm~!.31 This is ob-
tained owing to the use of citrate-based elastomers, whose degra-
dation time can be modified by changing the synthesis process.

Biodegradable polymers offer advantages in terms of biocom-
patibility and degradation properties, making them suitable for
implantable medical devices and tissue engineering scaffolds.
These materials enable minimally invasive optical sensing and
imaging within biological systems without causing adverse re-
actions. The most commonly investigated biodegradable mate-
rials are based on poly(ethylene glycol) (PEG), poly(lactic acid)
(PLA), poly(glycolic-acid) (PGA), and poly(caprolactone) (PCL), as
well as their copolymers and derivatives. By controlling the poly-
mer preparation conditions, and the presence of copolymers, it is
possible to fine-tune the final mechanical, optical, and chemical
properties. In general, synthetic polymers show a relatively high
refractive index (>1.45),132! low optical attenuation, and tunable
mechanical flexibility. For example, optical fibers cut from PLA
flexible films have shown a propagation loss of 1.5 dB cm™! in
air and 6.2 dB cm™! in water.['?) Lower losses were obtained by
using a 3D extrusion printer and by proper nozzle selection.*?!
Fibers of pure PLA (core-only) showed a relatively low attenuation
0f 0.08 dB cm™! in air, and lower than 0.3 dB cm~! when inserted
into porcine tissue. Extensive literature is also available regarding
the biocompatibility and biodegradability of these polymers.[*]
When inserted in a live organism, these polymers can be slowly
degraded by natural processes such as hydrolysis and zymolysis,
leaving only non-toxic molecules (or low-toxicity compounds) be-
cause of the process, which can then be absorbed or excreted by
the body naturally, thus not requiring any surgery to remove the
implant after usage. Biodegradable, and soft PLLA fibers were
demonstrated for in-vivo neural signal sensing and interrogation
in mice. In that case, core-only fibers showed an attenuation of
0.9 dB cm™! when embedded in brain tissues.[*¢]

2.4. Natural Polymers

Nature offers great inspiration in the biomedical field for the de-
sign of engineering solutions. Large attention has been paid to
the optimization of optical materials inspired or derived by nat-
ural polymers. The use of natural materials could produce op-
tical fibers without using fossil resources, potentially opening
the way for a “green photonics” development (Figure 2c). Opti-
cal fibers based on cellulose were successfully demonstrated >15
years ago,[*’] but due to the delicate structure of the fibers and to
the lack of optimized fabrication protocols the optical attenuation
showed by cellulose-based materials is still high (~6 dB cm™1).18]
Silk represents an interesting natural polymer for optical fibers.
The most widely investigated silk material is obtained by pro-
cessing the Bombyx mori (a worm) silk filament. The silk fibroin
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solution obtained after proper processing can be used for the
creation of different optical components, including gratings,!*’!
mirrors,>% inverse opals,®!l or optical fibers.?*] A silk optical
fiber using fibroin as the core material (n ~ 1.54) and a silk hy-
drogel (n ~1.34) as a cladding material was realized by injection
molding, and an attenuation of ~ 2 dB cm™! was measured.3*
Using recombinant engineering, silk with unusually high refrac-
tive index of ~1.7 has been developed to demonstrate effective
light guiding even without a cladding layer.

2.5. Hydrogels

Hydrogels are a large class of material, characterized by a very
low Young’s modulus and composed by a hydrophilic-polymer
3D network containing free water molecules. There has been con-
siderable interest in making optical fibers out of hydrogel ma-
terials so that they have similar physical and mechanical prop-
erties as tissues (Figure 2d). One of the unique features of hy-
drogels is that their properties are critically dependent on their
water content. Owing to their favorable mechanical properties,
and their large water content, hydrogels have been demonstrated
as suitable candidates for the realization of implantable devices
with programmable degradation rates.>] The most commonly
used hydrogels are based on 3D-networks of PEG (n =~ 1.46)
and its derivatives as PEG-diacrylate (PEGDA) and copolymers
of PEGDA and polyacrylamide (PAAM). Hydrogels can be used
for both cores and clads or only for cladding in conjunction with
higher refractive index core materials.>3] When considering the
realization of hydrogel fibers, particular attention is required to
the mechanical properties of the material as conventional hy-
drogels tend to have lower mechanical strength and may break
under high external stress. For this reason, the development of
highly stretchable hydrogels, suitable to be used also for in-vivo
application, is of the utmost importance.’”! At the state of the
art, both sensors (oxygenation, glucose) and light delivery sys-
tems for phototherapy applications have been demonstrated us-
ing hydrogels.[*¢]

2.6. Mechanical Properties and Optical Loss

The mechanical and optical properties of various material op-
tions in Figure 3 are to be properly considered when designing
a fiber-based light delivery system for specific applications. In
general, when designing implantable devices, it is important to
use materials with appropriate Young’s modulus values, so as to
match the mechanical properties of the surrounding tissues, in
order to limit the risks of implant breakage, implant displace-
ment, or tissue damage. As a reference, biological tissues have
Young’s modulus in the range between 1 to 100 kPa for soft tis-
sues while it is ~1 MPa for tendons and 100 GPa for bones. Con-
sidering the implant of a general device (not exclusively a fiber)
in a soft tissue such as a muscle, different problems may arise in
case the device Young’s modulus is not properly selected. If the
Young’s modulus of the implant material is too high, the implant
may cause excessive stress on the surrounding tissue, leading to
tissue damage, and inflammation, and consequently producing
discomfort or pain to the patient and implant failure. If Young’s
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Figure 3. Propagation loss and Young’s modulus of different optical ma-
terials used for optical waveguiding. The data was extracted from ref.
[17,54-56] Bioresorbable materials are indicated by a continuous line,
while non-bioresorbable ones with a dotted line.

modulus of the implant material is too low, the implant may not
be able to provide enough stability, leading to implant displace-
ment or migration, which can cause discomfort, pain, or even
yield internal injuries to the patient.

Optical loss is a key property as it determines how much light
will reach the fiber end and how much will be scattered along
the fiber, potentially yielding undesired effects in surrounding
tissues. Finding the ideal tradeoff between low Young’s modulus
and low attenuation is not trivial because softer materials gener-
ally have higher losses compared to stiffer materials due to typ-
ically the large scattering size of macromolecules. The correct
identification of the suitable alternatives thus strongly depends
on the specific application.

3. Fiber Optic Sensors and Health Monitoring

Optical sensors can response to the physicochemical and biolog-
ical variations and transduce the changes of photophysical prop-
erties to readable signals.’7*8] So far, most optical sensors are
activated by free-space illumination, resulting in an inevitable
light loss, especially for long-distance transport in medical diag-
nostics with strong light absorption and scattering. Extensive en-
deavors have been devoted to the explorations of optical sensors
at precise locations.>! Optical fibers present an ideal technologi-
cal platform for in vivo diagnostics by controlling light from a re-
mote location. Alternatively, an optical fiber itself can serve as the
sensor. Currently, fiber optic sensors!®*-%3] have attracted consid-
erable attention for their unique intrinsic advantages including
lightweight, long sensing length, remote detection, high sensi-
tivity, high selectivity, immunity to electromagnetic interference,
and so on. Herein, we summarize the fabrication and operation
methods of fiber optic sensors and showcase their device innova-
tions for medical diagnostics.

3.1. General Design of Fiber Optic Sensors

The development of materials and manufacture technology
in fiber optics has evolved the conventional silica fibers with
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Figure 4. Construction of fiber optic sensor devices. a) Fabrication of fiber optic sensors by core modification, cladding decoration, tip attachment, and
remote detection. b) Optical components to illuminate, regulate, collect, and analyze light for fiber optic sensors. For the operation of fiber optic sensors,
it requires a light source to excite the fiber optic system with the optical sensors and a photodetector to measure the optical signals emitted from the
sensing area. Adapted from Thorlabs, Inc 1999-2023. c) Working modes of optical fiber sensors including i) sensor-in-fiber in the individual fiber, ii)
sensor-on-tip in the individual fiber with a semi-transparent mirror, iii) sensor-on-tip based on fiber coupler or bifurcated fiber. The sensing systems allow
the detection of various changes in light transmission, absorbance, reflectance, scattering, and emission. The light-sensor-analyte interactions modify
the light properties according to the characteristics of the analyte, and thus the changes of light are used to qualify or quantify the analyte.

uniformly doped core and simple cladding structures to the ad-
vanced multi-structural and multi-functional optical fibers.[®
The lab-on-fiber technology!®%%! to integrate the functionalities
of fiber at micro- and nano-scales firmly supports the develop-
ment of biochemical sensing and medical diagnosis. The follow-
ing four categories are classified by the position of the light—
matter interaction!'®] (Figure 4a).

Cladding decoration refers to the functionality integrated into
the outer cylindrical region of a core/cladding optical fiber,
where the extraction of the evanescent field enables the light-
matter interactions. According to the light extraction mecha-
nism, this fiber configuration can be achieved through two main
approaches: 1) evanescent field exposed by tapered/unclad/D-
shaped/U-shaped fibers; 2) diffraction gratings into the cladding
through the introduction of periodic RI modulation in the core.
The evanescent field exposed sensors can be integrated with di-
verse working principles including RI variations, absorption, re-
flection, fluorescence, lossy mode resonance (LMR), surface plas-
mon resonance (SPR), and whispering gallery mode (WGM) res-
onance. Moreover, this technique can be employed for multi-
plexed detection at different locations because of its advantages
of sensing over long distances and large areas. Its drawbacks in-

Adv. Optical Mater. 2024, 12, 2400478 2400478 (6 of 19)

clude large device size, high insertion loss, and complex fabrica-
tion technologies.

Core modification refers to the functionality integrated within
the core of the fiber, where the functional materials, microflu-
idics, and photonics are incorporated along the entire fiber
length. Bragg-grating fibers have been proposed for shape sens-
ing in surgical robotic arms. Since the 1980s, photonic crystal
fibers (PCFs) have been widely studied to trap the light inside a
hollow fiber with periodic lattice of microscopic air holes.[7:¢8]
The in-fiber microfluidics mainly consist of hollow, solid, and
heterogeneous cores with filling materials. The hollow core en-
ables the surface functionality of the core and liquid filling for
extensive sensor explorations. Meanwhile, selective access to the
core or cladding microfluidics can be rationally designed to ex-
ploit the light-matter interactions by the promotion of the syn-
ergistic combination with photonics as optofluidics.l®! Optoflu-
idics has emerged as a novel analytical technique owing to the
large surface-to-volume ratio, high sensitivity, and built-in fluidic
channels for rapid and high throughput analyte delivery.

Tip attachment refers to the micro or nanostructures and func-
tionality integrated into the microscale tip of optical fiber, which
provides the inherently light-coupled platform for light-matter
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interactions. A variety of micro and nanotechnologies have been
utilized for the detection at the fiber tip. For example, metal
nanoparticles are deposited at the end facet for label-free sens-
ing through localized surface plasmon resonance (LSPR) and
surface-enhanced Raman scattering (SERS). The plasmonic and
photonic nanostructures as periodic gratings are inscribed for
the enhancement of the electromagnetic field. Fabry-Perot cavity
formed from two parallel reflection surfaces at the fiber tip is ca-
pable of RI differentiation. This fiber configuration demonstrates
its unique advantages in biochemical sensing, such as ease of
use, deep tissue accessibility, pin-point confined accuracy, avail-
able miniaturization, and low insertion losses. Meanwhile, the
limitations of the tiny sensing area and short light-matter inter-
action distance serve as a trade-off.

Remote detection refers to the combination of extrinsic sen-
sors outside the fiber, where the light-matter interactions occur
remotely through free space coupling. Changes in extrinsic sen-
sors arising from remote locations are very versatile since they
can be detected alone, amplified, or detected in conjunction with
wide-ranging optical methods. The simple and flexible combi-
nation with optical sensors makes this configuration easily ac-
cessible and multiplexed. The optical noise can be added during
the external light path between the fiber and extrinsic sensors,
which raises the requirements for the amplification of response
signals. A typical example of remote detection is fiber photome-
try, in which the optical signals emitted from fluorescent sensors
in the brain tissue are measured based on time-correlated single-
photon counting fiber optics.[”"]

Major optical components for the operation of fiber optic sen-
sors are summarized in Figure 4b. Broadband sources such
as the mercury vapor and halogen lamps are commonly used.
Despite its high cost and sensitivity to temperature, the selec-
tive wavelength and high intensity of the laser make it a con-
venient and powerful excitation source. Light-emitting diodes
(LEDs) have emerged due to their selective wavelengths, low cost,
and long lifetime, while LEDs are slower and less efficient than
lasers. Since the edge-emitting light sources emit light diverged
at a large angle, it is desirable to use a fiber pigtail connection
or microlens for focusing light. Photodetectors such as photo-
diodes, photomultiplier tubes (PMTs), and avalanche photodi-
odes (APDs) are commonly used for detecting and diagnosing
light. Conventional benchtop spectrometers have been miniatur-
ized into scaled-down spectrometer systems for portable and in-
tegrated applications recently.”!] The optical signal can be spec-
trally separated by a dichroic mirror, passed through a filter for
removing excessive band pass, and then focused onto a photode-
tector.

The connection between the light source, sensing area, and
photodetector in the fiber optic system is variable,”? as depicted
in Figure 4c. In general, excitation pulses are delivered to interact
with the analyte, where the interaction changes the light prop-
erties in direction, intensity, wavelength, and polarization, and
the modified light signals from the sensing area are measured
by the photodetector. The light perturbation and noise caused by
several factors need to be diminished for accurate sensing, in-
cluding light source intensity fluctuation, optical fiber couplings
between light sources, changes in fiber loss and attenuation, etc.
The remote, variable, and robust operations of fiber optic devices
make the fiber optic sensors remarkably attractive for biomedi-
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cal applications ranging from point-of-care healthcare monitor-
ing to clinical benchtop instrumentation. For example, a com-
mercial, portable, and automated fiber optic biosensor system,
RAPTOR has been invented for the simultaneous detection of
four biological threats.[”?l The RAPTOR system integrates all op-
tics, electronics, fluidics, and software subsystems in a compact
device. Based on the evanescent sensing, the RAPTOR performs
rapid (5-13 min) and multistep sandwich fluorescentimmunoas-
says on the surface of 4 polystyrene optical probes. Its successor
the BioHawk has evolved as an 8-channel bioassay system with
evanescent-wave interrogation on each waveguide.l”*!

3.2. Wearable Sensing

Wearable sensors have attracted extensive interest for their po-
tential to offer continuous, real-time, and noninvasive monitor-
ing in biofluids via accessible sensor platforms (wristband, tex-
tile, mouthguard, contact lens, and microneedle patch).l”>] Opti-
cal fibers can manipulate the delivery and expansion of light to
the targeted sites with a minimum loss, which provides a reliable
and efficient platform to integrate diverse sensory functionalities.

To mimic the simultaneous human visual and somatosensory
responses of mechanical stimuli, the bimodal interactive fiber op-
toelectronics has been constructed.”®! Through the mechanical-
induced optical and electrical changes via mechanoluminescent
and triboelectricity, the self-powered optoelectronic fiber sensors
(SOEFSs) can detect the mechanical stimulus quantitatively. The
industrial-scale fabrication and recycling process of SOEFSs is
achieved by modified Fermat spinning and melt-spinning. The
helix structure of SOEFS enables a stable triboelectric signal un-
der long-distance (~80 m) and long-term (10 days) transmission.
A highly stretchable and wearable textile using cotton as the weft
and applying alternating the SOEFS and spandex as the warp was
weaved (Figure 5a.i). When the smart textile was stretched in a
warp direction, the luminescent signal was generated for direct
observation, and the electrical signal was wirelessly transduced
to the mobile phone. Furthermore, a cotton glove was integrated
with the SOEFSs knitted in each finger, charge amplifier, battery,
MCU, and wireless data transmitter (Figure 5a.ii). The separate
finger motion sensing with quantitative analysis of finger bend-
ing angles and qualitative identification of stress was achieved,
which inspires the exploration of multimode fiber optical sensors
as smart textiles!’””] for monitoring human motions and physio-
logical signals.[”®]

Moreover, fiber optic sensors for multimodal and quantitative
sensing of mechanical deformations were developed based on
distributed fiber-optic sensor systems.!””] The stretchable fiber
optic sensors were constructed with a colored core doped with
colorimetric dyes at four different locations and a transparent
core embedded in silicone cladding. The mechanical deforma-
tions (stretch, press, bend, and twist) can induce geometric
changes in the light propagation path and thus affect the chro-
maticity and intensity outputs. The fiber optic system realized
the bending sensitivity of 7 to 24 dB cm™! for different me-
chanical deformations and the bending resolution of 0.5°. Such
fiber optic sensors were integrated into a 3D-printed soft glove
(Figure 5b.i-ii). The wireless glove demonstrates multilocation
decoupling and reconstruction of various types of finger joint
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Figure 5. Wearable fiber optic sensor devices. a) Wearable textiles embedded by self-powered mechanical optoelectronic fiber sensors. i) photos of
visual-digital synergies by the combination of optical and electrical outputs in the smart fiber and textile. ii) the fiber optics were knitted into a smart
glove to simultaneously report optical and electrical signals for stress digitization. Adapted with permission from Wiley-VCH 2021.176] b) Stretchable

silica-based distributed fiber-optic sensors of mechanical deformation. i)

integrated as a wireless 3D-printed glove with white light LED, battery, and

electronics; ii) real-time monitoring of the optical intensity under five different multi-joint bending configurations. Adapted with permission from the
American Association for the Advancement of Science 2020.17°] ¢) Synthetic biology wearables for biomolecule detection. i) textiles embedded with
fiber optics allow excitation/emission light transmission and the detection of FDCF sensors. ii) inter-weaved POFs in the two layers of hydrophobically
patterned fabrics are excited by LED arrays and the emission signals are collected via an optical fiber bundle, filter, and collimating lens. iii) multiplexed
CRISPR-based wearable sensors and orthogonal detection of different sensors upon exposure to specific triggers. Adapted with permission from Springer

Nature 2021.[80]

movements in real-time. The design of elastomeric light guides
in fiber optics with chromatic patterns can be enhanced by high-
resolution sensor chips and miniaturized by tapered fibers.
Recently, biomolecule detections by genetically encoded opti-
cal sensors have been realized and integrated into flexible sub-
strates and wearables such as silicone elastomers, textiles, and
face masks.[®] As robust synthetic biology reactions, the freeze-
dried, cell-free (FDCF) genetic circuits are activated upon the
rehydration through aqueous interactions and reflect the exis-
tence of chemicals, metabolites, nucleic acid, and SARS-CoV-
2 via a fiber optic network (Figure 5c.i). The polymeric optic
fibers (POFs) were inter-weaved and incorporated in textiles to
embed PDCF reaction components and transmit the excitation
(447 nm) and emission light (510 nm) for signal interrogation
(Figure 5c.ii). All emissive POFs were bundled as a multiplexed
optical sensor system with a filter and collimating lens for the
generation of temporally and spatially resolved fluorescence im-
ages. Multiplexed CRISPR-based nucleic acid sensors!®! were in-
tegrated into the FDCF wearables and their orthogonal behav-
iors to specific dsDNA triggers were demonstrated, in which
mecA sensor showed the single-digit femtomolar sensitivity of
2.7 fM. (Figure 5c.ii). In this work, the combination of synthetic
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biology sensors in fiber optics enables precise and multiplexed
biomolecule detections. The optical outputs from different fiber
optic sensors can be merged into a single bundle for centralized
signal collection and analysis.

3.3. Implantable Sensors and Diagnostics

Optical waveguides to control and deliver light to target sites with-
out any obstruction, especially in deep-region tissues and organs
are highly desired for implantable light-based medical diagnos-
tics.

To reduce the inflammation and discomfort of solid-state
fibers, biocompatible cell-integrated PEG hydrogels have been
developed for implantable sensing and therapy.!®?] The hydrogel-
based optical fibers were constructed by poly(acrylamide-co-
poly(ethylene glycol) diacrylate) hydrogel (n = 1.46-1.50, thick-
ness 0.2—-2 mm) as the core and Ca alginate hydrogel (n = 1.339,
thickness 50-100 pum) as the cladding layer, where the core was
covalently functionalized by glucose-specific receptors.®*] The
quantitative glucose monitoring results were collected by detect-
ing the variations in the light transmission intensity through the
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Figure 6. Implantable fiber optic sensor devices. a) Hydrogel optical fiber was connected with needles for interstitial fluid monitoring in porcine tissue as
insertable devices as deep as 3 cm. Adapted with permission from Wiley-VCH 2017.132] b) The handheld silica-based Raman fiber optic probe connected
with a NIR laser, and a CCD spectroscopic detector was used to differentiate the Raman spectra of cancer and normal brain tissue. Adapted with
permission from the American Association for the Advancement of Science 2015.184] ¢) The distal end of the photoacoustic endoscopy probe shows the
coherent fiber bundle with a subset of fiber-optic cores and the Fabry-Pérot ultrasound sensor constructed by two dielectric mirror coatings and a spacer
layer. Photoacoustic images were taken at x—y and vertical x-z maximum intensity projections for mouse abdominal skin microvasculature. Adapted with
permission from Springer Nature 2018.13¢] d) i) The fiber-optic implant was embedded in the mouse head, which was covered with a dental composite
layer and connected to the patch cable. i) The light illumination of the brain surface was obtained through the reflection at a right-tip rotation angle via
a mirror coating. iii) The measurement results of chronic simultaneous Ca?* recording/BOLD fMRI monitoring under the resting-state conditions for 6
weeks post-implantation. Adapted with permission from Springer Nature 2018.183] e) Miniaturized wireless photometry systems for Ca>* detection in the
deep brain. i) Optical graph of the injectable photometry probe with magnified colorized SEM image of the device tip. ii) The integrated transponder and
injectable are in operation. iii) A living mouse with a photometry system was inserted for a week. iv) Heatmap before and after shock recorded by wireless
device. v) Spike events frequency signals before (baseline) and after shock measured by fiber and wireless photometry systems. vi) Fluorescence trace
showing injection of isoproterenol recorded by wireless photometry system. Adapted with permission from the National Academy of Sciences 2018.[°]

hydrogel optical fibers. Then the hydrogel fiber was incorporated
with a syringe needle for injection, implantation, and retraction
in porcine tissue as deep as 3 cm and controllable light transmis-
sion (Figure 6a). Intensity-based readout in this work is affected
by light loss through bending, thus hydrogel fibers embedded
with Bragg gratings for the changes in refractive index can im-
prove the quantitative measurements.

With the aim to accurately detect cancer cells, a handheld in-
traoperative Raman spectroscopy probe for real-time recognition
of brain cancer has been developed (Figure 6b).8* The contact
fiber optic-based Raman spectroscopy probe can illuminate a tis-
sue area of 0.5 mm diameter with a depth of 1 mm for a to-
tal acquisition time of 0.2 s. Based on the Raman spectral com-
parisons between normal and cancer brain tissues due to their
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differences in cholesterol, phospholipids, and nucleic acid, the
probe can achieve cancer detection with an accuracy of 92%, a
sensitivity of 93%, and a specificity of 91%. This technology has
the potential to enable the real-time classification of cell popula-
tions and evolve the neurosurgical workflow from current imag-
ing techniques for surgical reSection.

Apart from spectroscopy-integrated fiber optics, optical imag-
ing techniques such as light microscopy!®! and OCT!! have
been constructed in fiber optic systems to detect early-stage
tissue abnormalities. Recently, a high-frequency OCT system
with an imaging console and a fiber-optic endoscopic probe has
been developed for rapid volumetric microscopy of cerebrovas-
cular arteries.[®) In contrast to optical imaging, photoacoustic
imaging using laser-generated ultrasound can provide deeper
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penetration (up to 10 mm) and higher resolution along with
a wide —3 dB bandwidth of 34 MHz.I¥”] A miniature forward-
viewing photoacoustic imaging probe that integrated Fabry—
Pérot ultrasound sensor at the tip of a fiber bundle has been con-
structed for high-resolution 3D endoscopy (Figure 6¢).¥ With
penetration depth ranging from 1 to 7 mm, high-resolution pho-
toacoustic imaging was achieved. The 3D images of the microvas-
cular anatomies in duck embryo and mouse skin tissues were
demonstrated with remarkable image fidelity. This work paves a
pathway for a new class of fiber optic photoacoustic probes for
high-resolution imaging and endoscopic diagnostics.

Implantation of fiber optics allows for monitoring neural dy-
namics with cellular, anatomic, and temporal precision in freely
moving animals with minimal damage to tissue.®) A simple
and sensitive method to record the neuronal activities in the
deep brain tissue is fiber photometry, in which optical signals
are activated from the coupled excitation light and collected
from fluorescent indicators at the fiber tip.”! Genetically en-
coded calcium indicators, like GCaMP fluorescent proteins, have
been widely used for the fluorescent measurement of geneti-
cally defined neuronal activities. The fluorescent calcium indi-
cator GCaMP6, which emits increasingly upon calcium binding,
has been used for long-term measurement of calcium dynamics
in the mouse brain through a chronically implanted optical fiber
(Figure 6d.i).°" The fiber-optic implant was directly inserted into
the neocortex and freely repositioned for maximal intensity dur-
ing the measurement (Figure 6d.ii). The bulk signals detected by
fiber-optic implant enable the detection of spontaneous calcium
signals over a period of weeks, which displays a strong correla-
tion with blood oxygen level-dependent (BOLD) functional MRI
(fMRI) (Figure 6d.iii).

Despite the effectiveness of the fiber-optic implant, the bulk
fiber-optic cable can physically limit the recording of neural ac-
tivity and associated motion artifacts. A light-weight and wireless
fluorescence photometer integrated with a miniaturized light
source and a photodetector have been constructed on the thin
and flexible polymer support (Figure 6e.i-ii).°?! The minimally
invasive insertion and stable chronic operation of the fiber-optic
probe enable wireless stimulation of genetically encoded cal-
cium indicators in the deep brain of freely moving animal mod-
els (Figure 6e.iii). The wireless fiber-optic implant presents a
sensitive recording of calcium transients, stable data collection
over large areas, and minimal interruption in natural behaviors
(Figure 6e.iv-vi). High-density arrays of optical fibers (up to 24
fibers) were built for multi-fiber photometry to enable simulta-
neous measurement of large-scale brain circuit dynamics (up to
48 brain regions) in the mammalian brain.®’! Fiber photometry
based on flat-cleaved optical fibers has been advanced by tapered
optical fibers to enhance the light excitation and collection effi-
ciency, where light collection over up to 2 mm of tissue along the
fiber taper from multiple brain regions has been realized.>*] Re-
mote detection via fiber photometry has emerged as a powerful
technique in neuroscience research and shows great potential for
minimally invasive diagnosis of widespread human activities.

4. Fiber Optic Light-based Treatments

Various photochemical and photobiological effects on biological
systems have been known and implemented in clinical medicine
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as well as biomedical research. Furthermore, new techniques,
such as optogenetics, have been developed, extending the scope
of light-based manipulation of biological systems. In general,
light offers advantages of spatiotemporal precision and molec-
ular specificity through the control of wavelength, intensity, and
light-responsive proteins via genetic incorporation. In this Sec-
tion, we provide an overview of several major categories of light-
based therapies and the roles that optical fibers play in each. We
further highlight specific examples to showcase key innovations
in optical fibers including novel use of waveguide principle, fab-
rication material, fabrication method, or device implementation,
in each application category.

4.1. Optogenetics

Optogenetics is a technique that combines genetic and op-
tical methods to manipulate cellular behavior, which gen-
erally follows a light-mediated mechanism as depicted in
Figure 7a.®>%% Briefly, light-activated proteins, e.g. channel-
rhodopsin (ChR) and halorhodopsin, are genetically encoded
into cells. Desired light illumination with specified spatiotem-
poral resolution, wavelength, and location is then applied to
manipulate the cells via either excitation of channelrhodopsin
or inhibition of halorhodopsin. The resulting cellular activ-
ity can be then monitored by either genetically encoded sen-
sors for ions or membrane voltage. Thanks to the develop-
ment of various light-activated proteins, gene delivery strate-
gies, light delivery methods, and measurement techniques for
optogenetic readouts, this field has been involved very rapidly
over the past decade, making optogenetics a widely used re-
search tool to interrogate the neural circuitry for understand-
ing various disease mechanisms. Optogenetics-based therapies
have also shown exciting potential to treat diseases including
retina diseases!”’*® and neurological disorders.[**-1%U Although
encouraging, light delivery issues, e.g. penetration depth, spa-
tial precision, and accessibility to desired locations, still pose a
fundamental challenge to this field thus limiting its full poten-
tial for both neuroscience research and therapeutic applications.
To address these issues, fiber optic waveguides have been em-
ployed, considering their effectiveness, versatility, and minimal
invasiveness by guiding light deep inside the brain.['®?l Among
them, several recent innovations in fiber optic devices, as we
particularly highlighted below, have significantly advanced the
field.

Conventional optogenetic interrogation relies on multiple sep-
arated and sequentially performed procedures that include light-
activated opsin delivery, light delivery, and subsequent electri-
cal recording. Recent work has demonstrated that the incor-
poration of all three procedures into a single miniature, flexi-
ble, all-polymer fiber device is feasible.'%*1% This multifunc-
tional fiber device was designed to have six electrodes cus-
tomized by graphite-loaded conductive polyethylene (gCPE) for
neural signals transmission, two microfluidic channels for vi-
ral vector delivery, and a waveguide core made of polycarbon-
ate (refractive index: 1.59) for light delivery and stimulation
(Figure 7b,c). Its gCPE and microfluidic channels were arranged
around the core and further separated by cyclic olefin copolymer-
based cladding (refractive index, 1.53) so that the difference of
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Figure 7. Applications of fiber-optic devices in optogenetics. a) General mechanism of optogenetics. Adapted with permission from Springer Nature
2011.[%] b) Cross—sectional view of multifunctional fiber device incorporating 6 recording electrodes, one optical waveguide core, and two microfluidic
channels. PC, polycarbonate. COC, cyclic olefin copolymer. gCPE, graphite conductive polyethylene. c) Schematic of viral delivery, optical stimulation,
and electrical recording in mice medial prefrontal cortex (mPFC) with the multifunctional fiber device. d) Schematic comparing a traditional optogenetic
procedure with that of a multifunctional fiber device. Adapted with permission from Springer Nature 2017.1'04] e) Brightfield image (left) showing the
position of a tapered optical fiber (TF) implanted in a fluorescein-impregnated brain slice, inset showing a schematic of light delivery through TFs. Light-
induced fluorescence from the implanted TF showing light emission intensity and distribution (right), inset showing normalized fluorescence intensity
profile. f) Light-induced fluorescence from a flat-faced optical fiber (FF) in a fluorescein-impregnated brain slice with a top inset showing a normalized
fluorescence intensity profile and a bottom inset showing a schematic of light delivery through FFs. g) Site-selective light delivery through TFs (NA =
0.22, ¥ = 2.2°) implanted into a fluorescent-stained mouse brain slice with light coupled at different input angles (3°, 9°, 12.5°) (left). Normalized
fluorescence intensity profiles along depth starting from the tapered fiber end analyzed from the fluorescence images (right). Adapted with permission
from Springer Nature 2017.1'%1 h) Image showing a light-coupling hydrogel (Top). Pseudo-color light distribution of the same hydrogel (bottom). i)
Schematic of a fiber-pigtailed hydrogel implanted in a mouse. j) Images showing the light distribution of a hydrogel implant (top) and a convectional
optical fiber (bottom). k) Axial light intensity plot from the hydrogel implant (blue) and conventional optical fiber (black). Adapted with permission from
Springer Nature 2013.132]

refractive indexes was sufficient to confine light within the core  emission was demonstrated to enable either large-area or spa-
per principles in Section 2. Subsequently, all these components  tially restricted illumination without the need to move the im-
were incorporated into a macroscopic preform by standard ma-  plant (inset in Figure 7¢).}%] The tapered tip was designed and
chining, went through a thermal drawing process, and eventu-  fabricated through laser heating-based thermal drawing of con-
ally achieved a small footprint with a diameter of 180-220 ym.  ventional MMF with precisely tunable taper angles and lengths.
As a result, this device enabled multiple simultaneous optoge-  Starting from its proximal end, the injected light was guided to-
netic procedures just after a one-step implantation surgery. This ~ ward its tip via total internal reflection with its propagation an-
approach significantly simplified conventional optogenetic pro-  gle increased roughly by its taper angle at each reflection un-
tocol and minimized tissue damage (Figure 7d). Its all-polymer  til total reflection was lost, at where light leaked from the fiber.
composite design further reduced tissue response. These advan-  The distance from this emitting position to the tapered tip was
tages collectively led to the opto-electrophysiological investiga-  correlated with the fiber numerical aperture and light incident
tion of projections from the basolateral amygdala to the me-  angle. Following this principle, light can be then guided for ei-
dial prefrontal cortex and ventral hippocampus during behavioral ~ ther large-area illumination by injecting light at the full numer-
experiments. ical aperture or for spatially restricted illumination along the ta-

In optogenetics, the precise control of neural processes highly  pered tip by precisely tuning light input angle as demonstrated
depends on the spatiotemporal precision of light delivery. How-  in fluorescein-impregnated mouse brain slices. Specifically, light
ever, the spatial extent of light illumination within the brain is  delivered at full numerical aperture resulted in elongated (e.g.,
difficult to control or adjust using conventional fiber optics. Re- 1 mm) and relatively homogenous illumination along the tapered
cently, a single tapered optical fiber coupled with reconfigurable  tip (Figure 7e), whereas convectional flat-faced optical fiber only
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Figure 8. Applications of fiber-optic devices in photodynamic therapy. a) General mechanism of photodynamic therapy. Adapted with permission from
Springer Nature 2003.1'%1 b) Principle of side-emitting optical fiber due to macro-bending. Solid arrow, confined light within fiber. Dashed arrow, leaked
light. c) Top: schematic of light-emitting fabric with light coupling into two fiber bundles. Bottom, side-emitting intensity along the light-emitting fabric.
Solid line, light coupled into both ends. Dashed red line, light coupled into one end. d) Image of light-emitting fabric-integrated helmet used for the
treatment of actinic keratosis. Adapted with permission from Wiley-VCH 2020.1""3] e) EUS-PDT device composed of a puncture needle, a fiber diffuser, a
locking device for the puncture needle and fiber diffuser, and an echoendoscope. Adapted with permission from Elsevier Inc. 2019.1""l f) Trans-gastric

fiber-optic delivery approach for EUS-PDT. g) Schematic of flexible dual-fu

nction microneedle array with an enlarged microneedle. The microneedle

consisted of a photosensitizer-loaded tip and a transparent polyvinyl alcohol body. h) Light guiding effect (525 nm) by dual-function microneedle array

after photosensitizer-loaded tip dissolved. i) Light intensity at different skin

depths either under direct and topical illumination at 60/100 m\W cm~2 or

with microneedle array-guided illumination at 60 mW cm~2. Adapted with permission from the Royal Society of Chemistry 2022.1127]

illuminated a few hundred micrometers close to its fiber end
(Figure 7f). When the light was coupled only at a specified an-
gle, site-selective illumination was achieved by simply tuning the
input angle (e.g., at 3, 9, and 12.5° in Figure 7g).

For optogenetic therapy that requires further enlarged illu-
mination area at cm? scales inside tissue or organ, the tapered
fibers can no longer meet the need. Instead, implantable and
biocompatible light-guiding hydrogels can be developed and
employed as shown in Figure 7h.82 Specifically, the hydro-
gel can be fabricated by molding and ultraviolet light-induced
polymerization and cross-linking of PEGDA precursor solu-
tion supplemented with a photo-initiator (Irgacure). Its excel-
lent optical transparency (0.23 dB cm™! for optical loss), struc-
tural stability, and mechanical flexibility made it a viable opti-
cal waveguide implant. Once the light was coupled into the hy-
drogel by an optical-fiber pigtail, then passing through a diffrac-
tion region, it was dispersed nearly uniformly along the en-
tire 40-mm hydrogel, with no >6 dB variation (Figure 7i-k).
Whereas light delivered by an implanted MMF was limited
to a small region (2-3 mm) near its fiber end. This re-
sult indicated a 40-fold increase in optogenetic therapy area
when compared to conventional MMEF. Its utility for optoge-
netic therapy was further demonstrated by subsequent subcu-
taneous implantation and optogenetic production of antidia-
betic glucagon-like peptide-1 in diabetic mice (Figure 7i). Light-
treated group with intraperitoneally injected glucose apparently

Adv. Optical Mater. 2024, 12, 2400478 2400478 (12 of 19)

showed improved glucose hemostasis when compared to the
non-treated.

4.2. Photodynamic Therapy

Photodynamic therapy (PDT) is an established modality that
combines light with a photosensitizer for treating various dis-
eases, especially cancers.'% In this modality, light at a specific
wavelength is applied to excite the exogenously delivered photo-
sensitizer to its excited state; it then returns to the ground state
by transferring energy to tissue oxygen and generating highly
cytotoxic reactive oxygen species (ROS), such as singlet oxygen
and free radicals (Figure 8a). With clinical approval of a series of
photosensitizers, PDT has become a valuable option for treating
a number of cancers including skin, lung, esophagus, bladder,
ovarian, and brain.[196107.108] Nevertheless, its clinical efficacy is
highly dependent on the effective co-delivery of photosensitizer
and light to the targeted malignant cells or tissue. Due to the poor
penetration depth of light in tissue, its current clinical applica-
tions are primarily limited to treating superficial conditions. To
resolve this challenge, a few strategies have been demonstrated
or adopted, including fiber optic delivery, near-infrared light, and
upconversion nanoparticles.l'% 111 Compared to other methods,
fiber optics is still a popular and effective way to guide light either
endoscopically or interstitially to reach deep tissue or internal

© 2024 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH
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organs. For example, fiber-optic PDT endoscopy has been
adopted in current clinical practice.['12] With novel biocompatible
fiber materials and fiber devices emerging, more applications for
PDT could be expected, especially for those highlighted below.

For many applications for treating skin disorders, large-area,
uniform illumination is an essential requirement for PDT. Thus
far, light-emitting fabrics comprised of side-emitting optical
fibers have been regarded as a practical and effective way to
meet this need. They are particularly tangible to be implemented
as flexible, wearable devices. As an example, a PDT fabric has
been developed by weaving plastic optical fibers into the tex-
tile structure and further demonstrated for large-area treatment
of actinic keratosis in a clinical trial.[''*1™*] Tts uniform light
delivery was achieved by macrobending of these optical fibers,
which broke their total internal reflection condition and pur-
posely allowed partial light leakage from the fiber core. Such
leakage took place when the fiber bending radius was less than
its critical bending radius (Figure 8b). A fully knitted fabric
with fibers bundled together for simultaneous light coupling
at both ends achieved a more uniform emission profile when
compared to that of single-end coupling (Figure 8c). With fur-
ther incorporation inside an ergonomic helmet, this PDT fab-
ric was further applied for the clinical treatment of actinic ker-
atosis (Figure 8d). Noteworthy, other approaches for inducing
fiber side emission are also available. These include adding scat-
tering material into fibers,'*®! inducing scattering microbub-
bles in fibers,['1] and creating micro perforation/notch on fiber
cladding.[*17:118]

For PDT treatment of cancers, especially pancreatic cancer,
there is a pressing need to deliver light to targeted malignant tis-
sue deep inside the human body. Although optical fiber-based
percutaneous interstitial light delivery has been established for
PDT, this approach requires a long fiber passage to reach the pan-
creas, thus making it challenging for clinical adoption. Taking
advantage of the proximity of endoscope to pancreas, an endo-
scopic ultrasound-guided, fiber diffuser-based PDT, termed EUS-
PDT, was demonstrated as a safe and effective treatment for ad-
vanced pancreatic cancer in clinical trials.[''%120121] [n this de-
vice, the light was first guided by a long conventional optical
fiber, then coupled into a short cylindrical optical diffuser fused
at the distal end of the guiding fiber, and eventually reached
the pancreatic tissue where the optical diffuser was inserted
(Figure 8e). The precise placement of the optical diffuser was
achieved with the guidance of an echoendoscope and a locking
device after its transgastric placement and the needle puncture
procedure to create its access to pancreatic cancer (Figure 8e bot-
tom and Figure 8f). This clinical study established the feasibil-
ity and safety of EUS-PDT procedures. A more recent clinical
study using a newly developed photosensitizer, verteporfin, fur-
ther showed its promise for treating locally advanced pancreatic
cancer.1?2]

For PDT treatment of skin disorders, e.g. actinic keratoses and
epidermoid carcinoma, local transdermal co-delivery of photo-
sensitizer and light is highly preferred to avoid side effects in-
duced by systematic injection of photosensitizer as well as by top-
ical application of high-intensity light. Earlier studies have sug-
gested that a microneedle array can be applied either as a mini-
mally invasive tool for local drug/photosensitizer deliveryl!2>124]
or as a transdermal optical waveguide.[!2>12%] Interestingly, a re-
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cent study explored the possibility of integrating the dual func-
tionalities into a single microneedle array platform for effec-
tive transdermal co-delivery of photosensitizer and light.1?’] Tts
light guiding bodies were fabricated by molding a soft polymer,
polyvinyl alcohol, and its photosensitizer (temoporfin)-loading
tip was developed by sodium hyaluronate molding (Figure 8g).
Once fully inserted into the skin, its photosensitizer-loading tips
quickly dissolved into the deep skin layer, leaving the remain-
ing transparent microneedle body in place to further guide PDT
light into the same skin layer for treatment (Figure 8h). The ap-
plication of this microneedle array with 60 mW cm~2 topical il-
lumination achieved similar light intensity beneath the stratum
corneum as that of direct topical illumination at 100 mW cm—2
(Figure 8i). With further validation of in vivo mice model of port-
wine stains in terms of effectiveness and adverse effects, this
co-delivery microneedle-based PDT has shown obvious benefits
over conventional PDT.

4.3. Photobiomodulation

Photobiomodulation, previously known as low-level light ther-
apy, uses red or near-infrared light at lower intensity levels to
relieve pain, stimulate healing, and reduce inflammation.['®]
These beneficial photobiological effects have been either clin-
ically observed or preclinically reported over the past several
decades. There are several widely hypothesized mechanisms
to elucidate these effects.[!?13% Cytochrome C oxidase in mi-
tochondria and calcium ion channels are currently regarded
as primary light-sensitive chromophores, followed by light-
induced increase of ATP, reactive oxygen species, and nitric oxide
(Figure 9a). Because these mechanisms are still not well un-
derstood, the clinical applications of photobiomodulation have
been controversial, and largely empirical. Nevertheless, signifi-
cant advances have been achieved in the development of wearable
devices for pain management,[*!! wound healing,['?®! and trau-
matic brain injury.['*¥) Among them, many utilize optical fibers
as the essential means for their light delivery or illumination. As
an example, a flexible luminous fabric was developed by weaving
a large number of side-emitting polymer optical fibers with con-
ventional cotton yarns for large-area low-level light therapy./'33]
PMMA and fluorinated PMMA derivatives were used as core and
cladding materials, respectively, for fiber fabrication. The fully
woven luminous fabric is shown in Figure 9b. Its light emission
was achieved by creating serials of V-shaped notches along the
fibers (Figure 9b inset).[!"®) The light was then simultaneously
coupled into both fiber ends to compensate for light attenua-
tion along fibers, and two fabric layers were further overlayed
together to achieve relatively uniform illumination. With its flex-
ibility, uniform illumination, and safe human use, it has shown
promising potential as a wearables for photobiomodulation
applications.

4.4. Photochemical Cross-linking

Light-induced chemical cross-linking has widely been applied in
biomaterial engineering, drug synthesis, and dental-composite
curing. Photochemical tissue bonding (PTB) is one of its med-
ical applications that involves using light and a photoactive dye
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Figure 9. Applications of fiber-optic devices in other phototherapy approaches. a) Generally hypothesized mechanism of photobiomodulation. Adapted
with permission from SAGE Publications Inc. 2011.1'3% b) Image of flexible luminous fabrics produced from conventional cotton yarns and side-emitting
polymer optical fibers. Zoom-in image showing a schematic of polymer optical fiber with V-shaped notches for side-emitting woven with cotton yarns.
Adapted with permission from Optica Society 2013.1"33] ¢) General mechanism of photochemical tissue bonding (PTB) or photochemical cross—linking.
Adapted with permission from Elsevier B.V. 2016.1'34] d) Left: biopolymer-based waveguide bundle designed for deep tissue illumination. Right: cross—
section of the waveguide bundle inserted in porcine skin incision with light coupled for PTB activation. Adapted with permission from Springer Nature
2016.1"2] e) Shear tensile strength after PTB in porcine skin with or without the waveguides. f) General mechanism of nanoparticle-based photothermal
therapy. Adapted with permission from Wiley-VCH 2017.13%] g) Schematic of working principle of injectable optical system (I0S) for photothermal
therapy. The 10S was composed of an optical fiber (OF), a photothermal agent (PAI), and an outlet (OL). Zoom-in: SEM image of the outlet with an
inserted optical fiber. h) Thermal image of 4T1 tumor-bearing mice under conventional PPT and 10S-based PTT treatments. Adapted with permission
from Wiley-VCH 2022.[136]

to bond two tissue surfaces together in a suture-less manner  glue” to repair vessel and heart defects, for which the activation
via light-mediated protein cross-linking. It has been demon- light could be potentially delivered through optical fiber-based
strated for wound closure, tissue grafting, and corneal/nerve  catheters.[10:141]

repair.l'¥13% The use of PTB is simple and straightforward

(Figure 9c¢): photoactive dye solution is applied to tissue surfaces,

which are then put in contact, followed by proper light illumina-  4.5. Photothermal Therapy

tion to induce sufficient protein crosslinkers for tissue bonding.

However, as light has limited penetration depth in tissue, its ap- ~ Photothermal therapy utilizes photothermal agent-induced heat
plication is primarily limited to superficial treatment (1-2 mm  for localized treatment of various medical conditions, especially
deep). One way to overcome this challenge is to develop a comb-  cancers. During photothermal therapy, a photothermal agent is
shaped planar optical waveguide device as shown in Figure 9d  typically administrated and delivered to targeted tumor sites. Af-
(left) to be put between the two tissue surfaces.?l It was designed  ter sufficient local accumulation in the tumor, a high-power NIR
to have both tapered legs and uniform Sections below for light  light is directly illuminated onto the tumor, so that light energy
guidance while having its edges on uniform Sections corrugated  can be converted into local heat through the agent, subsequently
for light extraction. They were fabricated entirely by biocompat-  leading to the death of tumor cells (Figure 9f).'*1#2] Although
ible and biodegradable polymers, e.g. polylactic acid, via a com-  some endogenous chromophores were initially used as the pho-
bination of molding, ultraviolet cross-linking, and laser cutting.  tothermal agent, their therapeutic effectiveness was weak, thus
As seen in Figure 9d (right), light in this device was first cou-  later replaced by these more effective, externally administrated
pled via a pigtailed MMF, then guided into its uniform Sections  agents, e.g. gold nanoparticles.'¥*'%] Recent clinical trials of
via the tapered legs, and eventually scattered to surrounding tis-  gold nanoshells have shown their promising feasibility and effec-
sue along the entire corrugated Sections. As demonstrated on  tiveness in treating prostate cancer.'*¢! Although encouraging,
porcine skin incision ex vivo, this device achieved a full thick-  its treatment depth had been limited to several mm with top-
ness (>10 mm) and watertight wound closure, which represented  ical NIR illumination. Among deep-tissue light delivery meth-
a 10-fold extension of the bonded tissue area via conventional  ods, optical fiber is still a minimally invasive, high-precision,
PTB (Figure 9d). Its bonding strength had also increased by >5-  more importantly, practical approach, which could be employed
fold when compared with conventional PTB (Figure 9¢). Besides  to resolve this issue. As an example, a recent work integrated
PTB, photochemical cross-linking can also be used as “surgical ~ photothermal agent administration, light delivery, and tissue
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sampling simultaneously into a single MMF-based injectable op-
tical system as illustrated in Figure 9g.[13¢1%7] This system em-
ployed a modified syringe needle set and a conventional MMF,
allowing the optical fiber to be guided by the needle and then in-
serted into the tumor for light delivery. Meanwhile, the interspace
between the optical fiber and the needle was used for photother-
mal agent administration and subsequent passage of sampled
tissue for biopsy analysis. Due to the efficient local co-delivery of
photothermal agent and light, its treatment effectiveness was sig-
nificantly improved when compared to conventional photother-
mal therapy (Figure 9h).

5. Conclusions and Outlook

Fiber optic technologies have been widely applied and shown a
promising future in photomedicine for their efficient light deliv-
ery into internal organs and deep into tissues. The design and
fabrication strategies of fiber optics or devices are driven by the
specific needs of each sensing, diagnostics, and phototherapy
application. The wide selection of compositing materials, scal-
able spatial precision, and easy device implementation led to
the widespread adoption of optical fibers in photomedicine. The
development of flexible, biocompatible, and biodegradable opti-
cal fiber materials is desired for safe and comfortable medical
care applications.["*®] Optical fibers fully based on biocompatible
and bioresorbable materials are expected once their mechanical
and optical performances are improved. The realization of multi-
functional fiber bundles and mixed bundles is attracting more
attention. The incorporation of 2D materials in optical fibers
can promote the integration of photonic and optoelectronic sys-
tems for multimodal applications.[** Tapered optical fibers have
emerged recently as an attractive configuration out of standard
fibers, to enhance the optical density and coupling efficiency be-
tween optical waveguide and functional materials.['*%]

Recent advances in materials and fabrication techniques
have promoted the development of multi-structural and multi-
functional optical fibers. The lab-on-fiber technology to construct
various architecture in light-matter interactions has established
a remarkable platform for biomedical sensing. The remote mod-
ulation of multiplexed and dynamic optical signals via biophys-
ical and biochemical stimuli is vital for next-generation diag-
nostic platforms.[**%! By integrating photonic and microfluidics,
optofluidic waveguide has emerged as a transformative optics
device for light-manipulating, precise dynamic controlling, and
high-performance sensing.'>!] The incorporation of fiber optic
sensors in wearable and implantable devices has shed light on
remote and robust health monitoring at point-of-care and clin-
ical settings. The combination of machine learning and artifi-
cial intelligence in fiber optical sensors can enhance the signal-
to-noise ratio, fasten the signal readout process, facilitate data
processing, and promote the development of multiplexed sen-
sors by mitigating cross-sensitivity.!'>?] Particularly, an impor-
tant direction is a multifunctional fiber-optic device that com-
bines diagnosis with therapy in a single platform. Several other
emerging phototherapy technologies may further require fiber
optic-based device implementation. For example, blue light in
the 400-470 nm range has shown great promise to be a drug-
free broad-spectrum antimicrobial alternative.'33] This modality
has the potential to treat various bacterial/fungal infections, yet
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to be clinically tested. Light-activated nanoparticle-based drug de-
livery is also emerging aiming for its on-demand, spatiotempo-
rally controlled, or even personalized drug delivery.['>*! This ap-
proach has been demonstrated in photodynamic therapy,!*>*! im-
munotherapy, gene therapy,1°®! and stem cell differentiation.!*>”]
Fiber optic-based light delivery could be utilized to facilitate drug
release beyond the reach of topical light illumination. Given the
versatile role of light in nature, more advanced fiber optic de-
vices with diverse sensing, diagnosing, manipulating, and ther-
apy abilities look very promising.
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